resources analysts in selecting compromise strategies for streamfaquifer systems in which the stream gains water from the aquifer. The water quantity objective is to maximize steady conjunctive use of groundwater and surface water resources. The water quality objective is to maximize waste loading from a sewage treatment plant {STP) to the stream without violating downstream water quality beyond acceptable limits.
The STP discharge is proportional to human population.
The two objectives conflict because an increase in groundwater extraction reduces dilution of the stream water contaminants. The result is a decrease in the STP waste loading to the stream and the waste-producing human population that can be supported. The tradeoff between objectives is illustrated graphically via sets of noninferior solutions. The sets of noninferior solutions are prepared using the E-constraint method and assuming different upstream flow rates. Conjunctive use of ground and surface water resources is generally necessary to satisfy the ever-increasing demand for water. However, integrated water management requires good knowledge of how surface water diversion and groundwater pumping affect flows within and between ground and surface water resources.
Conjunctive water management is especially challenging when it must consider environmental object~ves. Surface water quality is affected by the amount and type of pollution discharge into it. Both point and nonpoint sources can affect streams. Treated municipal wastewater discharges usually enter streams via point sources. The contaminants are diluted and diminished with time and distance. The quality of stream inflows, including streamjaquifer interflow, affects the self-purification ability of streams.
The objective of this paper is to present a new management model which computes optimal conjunctive water use strategies for a streamjaquifer system. The model maximizes water development while assuring that downstream water quality criteria are satisfied.
RELATED RESEARCH
Computer simulation models using numerical techniques have been developed suqcessfully to describe and evaluate stream/aquifer systems. Simulation models can be used to predict impacts upon streamfaquifer system due to various stimuli. However, it is difficult or unlikely to be able to compute optimal management alternatives using a simulation model alone. A combined simulation/optimization (sfo) model is needed to consider the impacts upon stream/aquifer system flows and .concentrations while simultaneously computing optimal management strategies. The optimal solution to a MOP problem is termed a noninferior solution. A noninferior solution is a solution for which the increase in the value one objective will require decrease in the values of other objectives. Here, sets of noninferior solutions are presented graphically for different upstream flow rates to illustrate how to assist decision makers in plan selection.
Conjunctive water use management

MODEL DEVELOPMENT
The sfo model developed here is applied to a hypothetical study area ( Figure 1 ). The principal objective is to maximize the water provided from stream diversions and groundwater pumping wells to meet water demand. Let g(ii)., in m 3 /s, be the steady groundwater extraction rate at cell §., and d(e) in m 3 /s, be the steady diversion rate at reach e.
a.,
where c•(ii) and cd(e) are weighting coefficients for pumping
(1) and diversion (1), respectively. By changing the values of coefficients, they can be used for economic optimization and emphasizing or deemphasizing specific decision variables.
A variable can be made ineffective in the objective function by setting its weighting coefficient equal to zero. M" and ~ are the total numbers of pumping cells and diversion locations, respectively.
The objective function in equation (1) is subject to several constraints, including a lower bound (Z 2 L) on the constraint objective (Z 2 ) . The constraint objective is to maximize the human population for which a stream system can satisfactorily assimilate the waste. Z 2 is calculated by dividing the optimal steady flow rate through the STP, q• (1) in m 3 fs, by a specified per capita waste generation rate (q~
The values of z 2 L represent the minimum number of people to be served by the STP for a particular optimization run. This constraint objective will be tight for · a noninferior solution. The range of z 2 L for which the two objectives conflict is from Z 2 atmnimumZ! to maximum Z 2 • To construct one set of noninferior solutions, the value of Zl is varied systematically · from one extreme to the other and one optimization is performed for each selected value of Zl.
The principal and constraint objectives are subject to two sets of constraints: 
Constraints for the surface water quality components
The constituents 
M_,
where fi'(i,j) is the mass flow rate of the j~ constituent in the i~ reach of the x~ type of source location (superscripts sri, ov, and p represent streamjaquifer interflow, upstream, and STP, respectively) , and is expressed as fi' ( i, j) = q• ( i) • C'(i,j), in gjs except for chlorophyll-a which is in mgjs; 
Constraints expressing stream/aquifer system response
Influence coefficients are used in the constraint equations to describe aquifer head, stream reach outflow, and streamfaquifer interflow of a steady state streamfaquifer system:
""
where c5h ( o, a) and (3h ( o, ~) are, re'specti vel y, the inf 1 uence coefficients describing effect of groundwater pumping at cell a and stream diversion at reach ~ on aquifer head h(o) at cell o. Similarly, influence coefficients 6'(fi,a) and {3'(fi,~)
describe stream flow q'(fi) at reach fi; and 6' 0 (u,a) and
qm""(fi), and q' 00 ""(u) are nonoptimal aquifer head, stream reach outflow, and stream/aquifer interflow, respectively. g"'(a) and d"'(~) are specified unit pumping and stream diversion rates used to generate influence coefficients. The first summation on the right hand sides of Equations 5-7 describes the effect of optimal pumping on respective state variables.
The second summation describes the effect of optimal diversions including STP discharge (a negative diversion).
Here, d (1) is synonymous with qP(1) used within Equations 3 and 4. Table 3 for ranges of flow rates used);
ii. QUAL2E is run for the unique assigned combination of flow rates and concentrations in upstream, STP, and streamfaquifer interflow;
iii. Results Since the optimal strategy satisfies all constraints, we can stop. Until convergence is achieved, we redevelop equations 3, 4, and 6-8 as described. Each pass through equations 3, 4, and 6-8 is .termed a cycle.
When the end step of . Figure 2 is reached, one has computed an optimal strategy for a posed scenario. A scenario consists of a particular combination of constraints for which a unique optimal solution is computed.
Tested schemes, scenarios, and results
We develop optimal conjunctive water use and loading Table 4 provides these optimal conjunctive water use and loading strategies (solutions A 11 Az, and ~) at different upstream inflows and a known STP effluent quality.
The upper bound on total nitrogen concentration (20 mg/L) was tight for all strategies comprising the sets of noninferior solutions. Sensitivity analysis showed that an increase of up to 10% in human population is permitted by relaxing this tight bound.
It is appropriate to verify that the regression approach accomplishes its goal. This is done by using the optimal strategy as input to QUAL2E, simulating system response and checking the concentration at the control location. Table 4 shows concentrations computed by sfo model, and those subsequently simulated by QUAL2E as a result of implementing the optimal strategy. The regression approach is satisfactorily accurate when compared with QUAL2E simulation results. This is illustrated via However, relative values in Table 4 and 5 show that the estimation differences are less than 0.30 ppm and 1.00 ppm, respectively, which are acceptable given common variances in field values and monitoring error. Furthermore, because a lower bound is used on DOX and DOX is slightly underestimated, an optimal strategy is conservative in assuring that the DOX bound is satisfied. ·As explained earlier, more accuracy can be achieved by continuing cycling. 15,16, 12,15, 11,12, 19,20. 19,20. 19,20. "Tight bound. 
